Phosphoinositide 3-kinase C2α (HsPI3K-C2α) belongs to the class II phosphatidylinostiol 3-kinases (PI 3-kinases) which are defined by their in vitro usage of phosphatidylinositol (PtdIns) and PtdIns 4-phosphate (PtdIns(4)P) as substrates. All type II PI 3-kinases contain at their carboxy-terminus a C2-like domain. Here we demonstrate that HsPI3K-C2α has dual cellular localization being present in the cytoplasm and in the nucleus. A distinct nuclear localization signal (NLS) sequence was identified by expressing HsPI3K-C2α-GFP fusion proteins in HeLa cells. The NLS was mapped to a stretch of 11 amino acids (KRKTKISRKTR) located within C2-like domain of the kinase. In the cytoplasm and the nucleus HsPI3K-C2α associates with macromolecular complexes which are resistant to detergent extraction. Indirect immunofluorescence reveals that in the nucleus HsPI3K-C2α is enriched at distinct subnuclear domains, known as nuclear speckles, which contain pre-mRNA processing factors and are functionally connected to RNA metabolism. Phosphorylation of HsPI3K-C2α is induced by inhibition of RNA polymerase II-dependent transcription and coincides with enlargement and rounding up of the nuclear speckles. The results suggest that phosphorylation of HsPI3K-C2α is inversely linked to mRNA transcription and support the importance of phosphoinositides for nuclear activity.
INTRODUCTION
Phosphatidyinositol 3-kinases (PI 3-kinases) have emerged as important constituents of cellular pathways regulating the remodeling of the cytoskeleton, the trafficking of intracellular organelles and cell growth and survival (1) . Type I PI 3-kinases are primarily involved in receptor mediated signal transduction and preferably use PtdIns(4,5)P 2 as substrate in vivo, but phosphorylate also phosphatidylinositol and phosphatidylinositol 4-phosphate (PtdIns(4)P) at the 3-OH position of the inositol ring. The type III PI 3-kinases exclusively phosphorylate PtdIns and are essential for vesicular trafficking. Both type I and type III PI 3-kinases are heterodimeric enzymes consisting of a catalytic and a regulatory subunit. By contrast, the type II PI 3-kinases are monomeric enzymes, which use phosphatidylinositol (PtdIns) and PtdIns 4-phosphate (PtdIns(4)P) as substrates. Their function in signal transduction is poorly understood.
Few studies provided evidence for a role of type II kinases in chemokine and growth factor receptor mediated cell activation (2-6) and in integrin mediated platelet activation (7) .
A common structural characteristic of type II PI 3-kinases is a C2-like domain at the Cterminus. The C2-domains of many proteins mediate calcium dependent phospholipid binding (8) . However type II PI 3-kinases lack a critical aspartate residue in their C2-like domain and the requirement of calcium for membrane binding and catalytical activity remains controversial C2α is concentrated in trans-Golgi network and present in clathrin-coated pits (13) , whereas PI3K-Cβ was found in the nuclei of rat liver cells (6) .
Phosphoinositide signaling in the nucleus is regulated independently from plasma membrane phsophoinositide pathways. Some nuclear phosphoinositides and their metabolizing enzymes are not extracted with non-ionic detergents which indicates that they are not associated with membrane structures (14;15) . Two PtsIns(4)P 5-kinases (PIPKIα and PIPKIIα) are reported to localize to nuclear speckles together with their product PI(4,5)P 2 (15) . By electron microscopy analysis, speckles were found to consist of two morphologically and functionally distinct domains. The larger and denser regions seen by fluorescence microscopy correspond to interchromatin granule clusters, which are not active in transcription. The more diffusely distributed splicing factors and the regions of the periphery of the interchromatin granule clusters correspond to perichromatin fibrils, where transcription takes place (16) (17) (18) . The composition of nuclear speckles is highly dynamic, because pre-mRNA transcribing and processing factors move rapidly in and out and are concentrated by transient associations with functionally related components (19) . Thus, the overall morphological appearance of nuclear speckles reflects the transcriptional activity of the cell. (20) . In response to inhibition of RNA polymerase II-dependent transcription speckles become larger, round up and lose their irregular shape (21) (22) (23) . Furthermore, it has been proposed that cycles of phosphorylation and dephosphorylation control the subnuclear distribution of splicing factors thereby regulating their association with the speckles (24;25).
We show here that HsPI3K-Cα  is present in the cytoplasm and in the nucleus. In many cases translocation of proteins into the nucleus is conferred by distinct import signals. The best characterized are nuclear localization signals (NLS) consisting of one or more clusters of basic amino acids (26) . A signal sequence for nuclear localization of HsPI3K-C2α was mapped to a short stretch of highly basic amino acids localized within the C2 domain of the kinase, a domain and protease inhibitors (Complete, Roche)). Cells were allowed to swell on ice for 10 min and then passed several times through a 27 gauge syringe needle. The cell homogenate was layered onto 300 µl of 30 % sucrose (wt/vol) in lysis buffer and spun at 2'000 g for 10 min. The postnuclear supernatant (PNS) containing membranes and cytosol was collected and further processed (see below). The pellet consisting of nuclei and few unbroken cells was resuspended in lysis buffer, homogenized, divided into four equal parts and centrifuged as before. Following an additional wash with lysis buffer nuclear pellets were resuspended either in lysis buffer and left on ice for 15 min, or in lysis buffer containing 1 % Triton X-100 and placed for 15 min on ice, or in high salt buffer (20 mM HEPES, pH 7.5, 0.4 M NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, 1mM EDTA, 1 mM DTT) and incubated on ice for 30 min, or in 10 mM Tris-Cl (pH 7.5), 10 mM NaCl, 1.5 mM MgCl 2 , containing RNase free DNase I (20 U/ml, Roche) and incubated for 20 min on ice. The aliquots were then centrifuged at 2'000 g for 10 min. Proteins in the supernatants and pellets were precipitated with 10 % trichloroacetic acid (TCA), washed with cold acetone, and finally dissolved in SDS sample buffer (60 mM Tris-HCl (pH 6.8), 10 % by guest on November 6, 2017
http://www.jbc.org/ Downloaded from glycerol, 2 % SDS, 100 mM DTT, 0.01 % bromphenol blue), boiled for 5 min and analysed on SDS-polyacrylamide gels as described below.
Nuclear envelopes were separated from the nuclear extracts as follows. Nuclei were resuspended in buffer (10 mM Tris-HCl, pH 8, 10 mM NaCl, 3 mM MgCl 2 , 0.1 mM EDTA, 8 U/ml RNAsin (Promega), 40 mM NaF, 0.5 mM NaVO 4, 40 mM β−glycerophosphate, 5 mM sodium pyrophosphate and protease inhibitors (Complete, Roche)) and disrupted by sonication using a micro-tip (two 15-sec pulses at 50W). The homogenate was centrifuged for 30 min at 10'000 g to pellet nuclear envelopes, and the supernatant (nuclear extract) was further separated by high speed centrifugation (15 min, 400'000 g) into a soluble fraction and a pellet.
The PNS was fractionated into cytosol and a high speed pellet consisting of membranes, cytoskeleton and ribosomal structures as follows. PNS was passed three times through a 27 gauge needle and cleared at 5'000 g for 15 min, and the resulting supernatant was centrifuged at 400'000 g for 10 min at 4° C.
For RNAse treatment high speed pellets prepared from PNS and nuclear extract were resuspended in RNAse digestion buffer (10 mM Tris-HCl (pH 8.0), 1 % 2-mercaptoethanol) and incubated without or with RNAses A (1 mg / ml ) and T1 (50 U / ml) at 37° C for 30 min. After treatment the samples were fractionated into supernatant and pellet at 400'000 g for 15 min. HCl:methanol (1:1), the lipids were dried and analyzed by thin layer chromatography as described (29) .
Immunofluorescence -HeLa cells, grown on glass coverslips, were permeabilized with 1%
Triton X-100, 2 mM EGTA, 5 mM Pipes (pH 6.7) for 1 min at room temperature and immediately fixed in cold (-70° C) methanol for 10 min or in 0.4% PFA for 20 min at room temperature. After several washes in PBS the coverslips were blocked in PGB (PBS containing 10% goat serum (Sigma) and 0.5% BSA (Sigma)) for 15 min followed by the incubation with the primary antibody for 1h in a humidified chamber. Antibodies were diluted in PGB and used at the following concentrations: affinity-purified anti-HsPI3K-C2α (5µg/ml), anti-Sm serum (1: 1000 dilution). The coverslips were then washed several times with PBS and incubated again with PGB for 10 min. Fluorescence dye conjugated secondary antibodies (1 µg/ml) were added for 1 hour in PGB. Coverslips were then washed extensively with PBS and once with water, and mounted in polyvinyl alcohol (Gelvatol, Sigma) supplemented with 1% DABCO (Sigma).
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RESULTS

Nuclear an cytoplasmic localization of HsPI3K-C2α in resting cells
(not shown). The staining of HsPI3K-C2α was independent on the fixation method employed, however, the best results were obtained by using methanol fixation. Permeabilization of cells with Triton X-100 prior to fixation did not alter the nuclear staining pattern, indicating that the kinase was resistant to detergent extraction.
Cell fractionation experiments were performed to further investigate the subcellular localization of HsPI3K-C2α. Homogenates of HeLa cells were subjected to differential centrifugation and separated into nuclei and postnuclear supernatant (PNS). Fig. 2A shows that HsPI3K-C2α is present in the nuclear fraction and in the PNS. Following high speed centrifugation of the PNS, all HsPI3K-C2α was recovered in the pellet from which it could not be solubilized with the detergent Triton X-100. Treatment of nuclei with the Triton X-100, which removes nuclear membranes but leaves the nuclear lamina intact, also did not release HsPI3K-C2α ( Fig. 2A ). In accordance with the immunofluorescence data these findings indicate that in the nuclei and in the PNS HsPI3K-C2α is not retained by cellular membranes but it is associated with Triton X-100-insoluble macromolecular structures. Extraction of nuclei with high ionic strength (0.4 M NaCl) or treatment with DNAse I also did not solubilize HsPI3K-C2α ( Fig. 2A) , suggesting that the kinase is not bound to DNA, but rather associates with the nuclear matrix or RNA containing structures. Fractionation of the nuclei into nuclear extract and envelope resulted in separation of HsPI3K-C2α from lamin B, which suggests that the kinase is not a constituent of the nuclear envelope (Fig. 2B ). High speed centrifugation led to the precipitation of HsPI3K-C2α from nuclear extract indicating that in the extract the kinase remained associated with macromolecular structures. Next, we examined whether the association of HsPI3K-C2α with nuclear and cytoplasmic complexes depends on the presence of RNA. Fig. 2C shows that after prolonged incubation with RNases A and T1 HsPI3K-C2α was almost completely released from the high speed pellet obtained from nuclear extracts and also to a large extent released from complexes isolated from PNS. From this finding it can be concluded that in both the cytoplasm and the nucleus, HsPI3K-C2α associates with RNA containing structures. for 5h. Cells incubated with α-amanitin showed a similar alteration in the shape of HsPI3K-C2α-positive and Sm-positive speckles (Fig. 3) . Speckles appear more round and connections between them are no longer visible compared with control cells (Fig.3) . The same effect was observed when cells were treated with actinomycin D (not shown). By contrast, inhibition of translation with cycloheximide (50 µg/ml) for 5 h had no effect on the subnuclear localization of HsPI3K-C2α and Sm proteins (Fig. 3) . This observation indicates that the structure of the domain led to a fusion protein that shows predominant nuclear localization (GFP/1546-1658).
This suggested that the C2-like domain of HsPI3K-C2α includes a nuclear localization sequence (NLS). The NLS was mapped within C2-like domain by expressing additional deletion variants. Only those fusion proteins accumulated in the nucleus, which contained a short stretch of 11 mostly basic amino acids (KRKTKISRKTR) located at amino acids 1608 to 1619 near the C-terminus of HsPI3K-C2α (Fig. 5 ). This peptide fused either to GFP or red fluorescent protein (DsRed) was sufficient to direct both chimeric proteins to the nucleus (Fig.   5C ). All fusion proteins which contain the NLS show a preference for accumulation in the nucleoli. This is in contrast to the endogenous HsPI3K-C2α which appears to localize to the nuclear speckles and to distribute around nucleoli (Fig. 1) . This difference suggests that in addition to the NLS other sequence elements are necessary for the distinct localization of
HsPI3K-C2α at nuclear speckles. The chimeric protein (GFP/649-1568) which encompasses the catalytic domain and the entire C2 domain reveals nuclear localization but fails to show an association with speckles ( Fig. 5) , suggesting that the catalytic domain does not mediate subnuclear localization.
DISCUSSION
In this study we demonstrate that in resting cells the type II PI 3-kinase HsPI3K-C2α resides in the cytoplasm and in the nucleus. Recently it has been shown that the structurally related PI3K-C2β is associated with membrane depleted nuclei of rat liver cells (6) . These observations reveal a remarkable difference with the localization of type I PI 3-kinases, which are generally considered cytosolic proteins (1;30;31). Few reports provide evidence for type I A PI 3-kinase activity in the nuclei of stimulated cells, such as human osteosarcoma (32) and rat liver cells (33) . The catalytic subunit of type I B PI 3-kinaseγ has recently been demonstrated to translocate to the nuclei of HepG2 cells after stimulation with serum (34) . However, the mechanism of translocation and activation of PI3-kinases in the nucleus is poorly understood.
Our data provide evidence that HsPI3K-C2α concentrates in the interchromatin granule clusters (nuclear speckles). Nuclear speckles are known to contain factors involved in the transcription and processing of pre-mRNA including RNA polymerase II, snRNPs and non snRNP splicing factors (35) . Splicing factors associated with speckles are resistant to extraction with non-ionic detergent, high salt, or treatment with DNAse I, suggesting that speckles represent nuclear compartments which are possibly connected with the nuclear scaffold (36;37). We show that
HsPI3K-C2α exhibits all these properties common to splicing factors. The overall morphological appearance of nuclear speckles is indicative for the transcriptional activity of the cell. Upon inhibition of RNA polymerase II the speckles lose their irregular shape and collapse into round and larger clusters (36;38). HsPI3K-C2α was found to redistribute identically with other speckle components (Sm-antigenes) in response to inhibition of RNA II polymerase by α−amanitin (Fig. 3) . The observation suggests that HsPI3K-C2α directly interacts with some components of nuclear speckles. It is conceivable that the kinase is in a complex with some type of RNA because treatment with RNAses leads to its solubilisation (Fig. 2C) . A likely candidate for the interaction is poly(A) + mRNA, since HsPI3K-C2α was found in preparations of poly (A) + mRNPs which were purified by affinity chromatography on oligo(dT)-cellulose (our unpublished results). We could not detect HsPI3K-C2α in snRNP preparations, and in vitro splicing assays appeared to be insensitive to the PI 3-kinase inhibitor wortmannin (R. Lurhman, personal communication). Therefore, the direct interaction of HsPI3K-C2α with snRNP splicing factors is less probable.
The reversible phosphorylation of splicing factors on serine/threonine residues is known to affect their localization in nuclear speckles and regulate their activity (24;25;39). We found that inhibition of transcription which causes the collapse of nuclear speckles is accompanied by the phosphorylation of HsPI3K-C2α. It is, therefore, plausible that the state of phosphorylation is critical for the subnuclear localization of HsPI3K-C2α. In agreement with the continued association with nuclear speckles, we did not obtain an evidence that phosphorylation of cells HsPI3K-C2α co-localizes with γ-adaptin (13) . Accessibility of the HsPI3K-C2α for different antibodies and differences in the fixation protocols used during immunofluorescence staining could be the reason for the discrepancy. However, we observed a similar nuclear localization of HsPI3K-C2α in non-fixed HeLa cells which were just permeabilized with Triton X-100 before staining (not shown). This particular method has been applied to reveal the dynamic distribution of pre-mRNA splicing factors localized to nuclear speckles (41).
In the cytoplasm HsPI3K-C2α appears to be tightly associated with macromolecular complexes and also to be resistant to solubilization with detergent, indicating that the kinase is not retained by membranes. The biochemical composition of the cytoplasmic complexes remains to be resolved. The fact that RNase treatment only leads to partial solubilisation of HsPI3K-C2α from cytoplasmic complexes (Fig. 2C) argues that the in the cytoplasm HsPI3K-C2α resides in two distinct pools. One pool appears to be associated with RNA while the other could be indicative for HsPI3K-C2α bound to clathrin-coated vesicles (13) . It less probable that HsPI3K-C2α associates with the actin cytoskeleton or microtubules, since treatment of cells with the actin depolymerizing compound cytochalasin D or microtubule destabilizing conditions did not cause its solubilization (unpublised observations).
Localization of HsPI3K-C2α to nuclear speckles implies some mechanism of nuclear import. A prerequisite for many proteins to be imported into the nucleus is a NLS. By expressing different segments of HsPI3K-C2α as GFP-fusion proteins, we identified the highly basic sequence KRKTKISRKTR to be the determinant for the nuclear localization of HsPI3K-C2α. This sequence which is located within the C2-like domain contrasts the function of known C2-domains which target proteins to the plasma membrane (42) . The NLS of HsPI3K-C2α does not show strong similarity to other known nuclear targeting sequences, rather its overall composition of basic (7 out of 11) amino acids provides some degree of homology (Table 1 ).
The best similarity was found with the NLS of rat ribosomal protein L31 (RLSRKR) (43) . The homology with the NLS of ribosomal protein may explain the pronounced nucleolar localization of HsPI3K-C2α-NLS-GFP and HsPI3K-C2α-NLS-DsRed fusion proteins (Fig. 5C ). The observation that the endogenous HsPI3K-C2α is not present in the nucleoli suggests that additional domains are required to target the protein to the nuclear speckles. Comparison of type II PI3-kinases from different species revealed that the sequence KRKTKISRKTR is conserved in HsPI3K-C2α and the murine PI3K-C2 kinases, p170-m and cpk-m (Table 1) . This is in an agreement with our observation that in murine J7741.A and NIH 3T3 cell lines cpk-m localizes to nuclei. The human isoforms HsPI3K-C2β and HsPI3K-C2γ show partial homology in the region of NLS, however, only the tetrapeptide RKTK is fully conserved (Table 1) . It remains an open question whether the corresponding sequences present in HsPI3K-C2β and HsPI3K-C2γ cause nuclear targeting. The fact that PI3K-C2β was found in nuclei of rat liver cells (6) and the observation that rat PI3K-C2γ overexpressed in COS cells shows perinuclear localization (12) suggests that translocation of different PI3K-C2 isoforms to the nucleus is mediated by the homologous sequences.
The remarkable nuclear localization of HsPI3K-C2α suggests that phosphoinositides produced at speckles are critical regulators of nuclear activities. Two other PtdIns phosphate 5-kinases (PIPK), the type I and II isoformes, which exhibit different substrate specificity, were also shown to associate with nuclear speckles (15) . Upon inhibition of transcription PIPKs redistribute identically with their product PtdIns(4,5)P 2 and defined speckle components. The hypothesis that nuclear polyphosphoinositides are involved in regulation of transcription is further supported by the observation that the negatively charged lipids PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 can reverse the inhibition of transcription caused by histone H1 (44) HsPI3K-C2α
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